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Abstract—A one-dimension transmission line model is 

employed to emulate the scattering behavior of 

electromagnetic waves incident upon complementary 

screens. It is found that, when Babinet's principle 

conditions are met, both equivalent electric terminal 

impedances of complementary screens are equal and 

negative in real values and their nature is not known. It is, 

therefore, pertinent to re-examine the Babinet’s Principle, 

pinpoint its features,  as well as its limitations. 

Index Terms—Babinet's principle, Transmission line 

theory, Complementary structure. 

I. INTRODUCTION

Electromagnetic/light waves send information to and from 

structure of materials, and provide a way for non-invasive 

detection of physical structures of media. It can also package 

data in a signal of zero mass with unmatched speed. The 

underlying principles of propagation and scattering of 

electromagnetic/light wave have been discussed by many 

scientists since ancient times [1]-[2]. More recently, some 

researchers [3]-[28] have employed Babinet's principle to 

interpret electromagnetic/optical wave properties in a variety 

of media. Babinet's principle deals with the distribution of 

waves diffracted by an obstructed body and its complementary 

structure. Babinet's principle has largely been employed to 

compare the diffraction pattern of an aperture with that of a 

complementary disk. Shalaev [3] reviewed optical negative-

index meta-materials, wherein, based on Babinet's principle, 

similar resonance behavior for negative index material could 

be obtained for voids and nanorod arrays. Li [4] reported 

strong field enhancement around the center of the uniform 

mesoporous gold film. This phenomenon can be explained by 

applying the Babinet's principle to the reverse system of 

nanoparticle ensemble. Jong [5] proposed an anisotropic 

model for asymmetrical meta-atom clusters and their 

polarization dependency, in which the complementary 

configurations of meta-atom structures showed the same 

behavior of the resonance frequencies as predicted by the 

Babinet's principle. In 2004, Falcone [6] used the 

electromagnetic theory of diffraction and the Babinet's 

principle to design artificial meta-surfaces and meta-materials 

that have negative dielectric permittivities. In radio wave 

engineering, Booker [7] related the radiated fields as well as 

the impedance of an aperture,  or a slot antenna, to those of its 

complementary dipole antenna realized by interchanging the 

the conductive material and air regions of the slot antenna. 

Booker obtained the relationship between the terminal 

impedances of a slot antenna and its complementary dipole 

antenna. In this communication, we investigate the wave 

scattering characteristics of an obstructed body and its 

complement by using a transmission-line model and terminal 

impedances of the obstructed body and its complement, 

focusing on issues relevant to the Babinet's principle. 

II. THEORY

Babinet’s principle is a theorem  in physics pertaining to the 

diffraction of electromagnetic waves. The principle, which 

was originally introduced in optics [1], was later extended to 

electromagnetic radiation as described below. Let D be the 

original diffracting body, and let D' be its complement, i.e., a 

body which is transparent in regions where D is opaque, and 

vice versa. The sum of the scattering patterns of D and D' must 

be identical to the scattering pattern of the unobstructed beam. 

In the regions where the undisturbed beam would not have 

been reached,  the scattering patterns of D and D' must be 

opposite in phase, but equal in amplitude in those regions. 

  To illustrate the principle, we show in Fig. 1 [29] a 

representative configuration which consists of a source, an 

obstructed body or its complement, and the observation 

screen. Fig. 1(a) shows a source, a screen D as the obstructed 

body (diffracting body), and an observation screen S; Fig. 1(b) 

shows a source, a complementary screen D', and an 

observation screen S; Fig. 1(c) shows a source, a virtual screen 

(no screen), and the observation screen S; Fig. 1(d) [29]-[30] 

shows the transmission-line representation of the above three 

systems, where Z0 is the equivalent wave impedance of free 

space, Z1 is the equivalent shunt load impedance of obstructed 

screen in Fig. 1(a), Z2 is the equivalent shunt load impedance 

of complementary screen in Fig. 1(b). The sum of 

transmission patterns caused by the obstructed body and its 

complement must be the same as the transmission patter 

appearing on the observation screen when no obstructed 

screen is present, as shown in Fig. 1(c). Hence, we can write : 
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Equation (1) can be found in books on antennas, as well as 

in journal articles [7], [29], [31]. The above equation  is most 

widely used to relate the impedances of complementary 

structures, e.g., dipole and loop antennas. The equation can be 

obtained from the transmission properties of  electromagnetic 

waves, namely that  the sum of transmission patterns of the 

obstructed screen and its complement is the same as that of the 

unobstructed wave; hence, (1) is an implicit relationship that 

can be used to find the equivalent impedances of the 

obstructed screen and its complement. On the reflection side 

where the undisturbed wave would not have been reached, the 

reflected patterns caused by D and D' must be opposite in 

phase, but equal in amplitude. This leads us to the condition: 

   S11,1 = - S11,2,   (2) 

where S11,1 and S11,2 are the reflection coefficients of the 

transmission-line representations of the  structures shown in 

Figs.1(a) and 1(b), respectively, and they can be written  [32]-

[34] 
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with i = 1, 2. Upon substituting (3) into (2), we obtain 

 1 2 0 0.Z Z Z            (4) 

Equation (4) is the relationship between  the wave impedance 

in space and the shunt equivalent impedances of the 

obstructed and complementary bodies, if the reflected fields 

caused by the obstructed body and its complement are 

opposite in phase, but equal in amplitude, as they must be. It 

is pertinent to point out that the wave impedance of free space 

is generally real and positive. Therefore, the sum of real parts 

of Z1 and Z2 is negative. Upon substituting (4) into (1), we 

obtain 

0
1 2 ,
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for the lossless case. 

Note that (5) is valid when the Babinet's principle is applied 

to the lossless structure by using the transmission line model 

under the conditions of both the total transmission wave, and 

the zero-sum reflection caused by the obstructed and 

complementary bodies. Equation (5) also reveals that the 

structures of obstructed body and complementary body could 

be self-complementary. We do not know what the obstructed 

and the complementary bodies look like, but only that the 

equivalent shunt impedances of the obstructed body and its 

complement are equal. 

(a) 

(b) 

(c) 

(d) 

Fig. 1. Illustration of Babinet's principle. (a) A perfect absorbing screen in 

plane D; (b) A complementary screen in plane D'; (c) No screen; (d) 

Transmission-line equivalent circuit of the above three systems. 

III. CONCLUSIONS

We will now conclude with the following observations: If 

the sum of the scattered fields caused by an obstructed body 

and its complement is the same as the scattered field of the 

unobstructed beam,  and if in places where the undisturbed 
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beam would not have been reached the scattered fields caused 

by an obstructed body and its complement are opposite in 

phase, but equal in amplitude – in accordance with the 

Babinet’s principle - then the electric terminal impedances of 

both the obstructed body and its complement are negative 

resistances equal to  –Z0/2, where Z0 is the wave impedance of 

the transmission medium (or free space). While the structures 

of the obstructed body and its complement are self-

complementary,  the nature of such structures needs not be 

known. 

REFERENCES 

[1] M. Born and E. Wolf , Principles of Optics. Cambridge 

University Press, Cambridge, 1999. 

[2] E. Mach, The Principles of Physical Optics: A Historical 

and Philosophical Treatment. Dover, New York, 1953. 

[3] V. M. Shalaev, “Optical negative-index metamaterials,” 

Nature Photon, Vol. 1, pp. 41-48, Jan. 2007. 

[4] C. Li, O. Dag, T. D. Dao, T. Nagao, Y. Sakamoto, T. 

Kimura, O. Terasaki, and Y. Yamauchi, “Electrochemical 

synthesis of mesoporous gold films toward mesospace-

stimulated optical properties,” Nat. Commun.. Vol. 6, 

6608, Mar. 2015. 

[5] H. Jung, C. In, H. Choi, and H. Lee, “Anisotropy 

modeling of terahertz metamaterials: Polarization 

dependent resonance manipulation by meta-atom 

sluster,” Sci. Rep., Vol. 4, 5217, Jun. 2014. 

[6] F. Falcone, T. Lopetegi, M. A. Laso, J. D. Baena, J. 

Bonache, M. Beruete, R. Marques, F. Martin, and M. 

Sorolla, “Babinet principle applied to the design of 

metasurfaces and metamaterials,” Phys. Rev. Lett., Vol. 

93, No. 19, 197401, Nov. 2004. 

[7] H. G. Booker, “Slot aerials and their relation to 

complementary wire aerials (Babinet's principle),” Proc. 

IEE (London) Pt. 3A, Vol. 93, No. 4, pp. 620-626, 1946. 

[8] M.F. Maghrebi, R.L. Jaffe, and R. Abravanel, 

“Implications of the Babinet Principle for Casimir 

interactions,” Phys. Rev. D, Vol. 84, No. 6, 061701, Sep. 

2011. 

[9] S. Koo, M. S. Kumar, J. Shin, D. Kim, and N. Park, 

“Extraordinary magnetic field enhancement with metallic 

nanowire: role of surface impedance in Babinet’s 

Principle for sub-skin-depth regime,” Phys. Rev. Lett., 

Vol. 103, No. 26, 263901, Dec. 2009. 

[10] T. Zentgraf, T. P. Meyrath, A. Seidel, S. Kaiser, H. 

Giessen, C. Rockstuhl, and F. Lederer, “Babinet’s 

Principle for optical frequency metamaterials and 

nanoantennas,” Phys. Rev. B, Vol. 76,  No. 3, 033407, Jul. 

2007. 

[11] D. I. Tsomokos, M. B. Plenio, I. de Vega, and S. F. Hulga, 

“State transfer in highly Connected networks and a 

quantum Babinet Princile,” Phys. Rev. A, Vol. 78, No. 6, 

062310, Dec. 2008.  

[12] L. Zhang, T. Koschny, and C. M. Soukoulis, “Creating 

double negative index Materials using the Babinet 

principle with one metasurface,” Phys. Rev. B, Vol. 87, 

No. 4, 045101, Jan. 2013.  

[13] Y. Nakata, Y. Urade, T. Nakanishi, and M. Kitano, “Plane 

wave scattering by self-complementary metasurfaces in 

terms of electromagnetic duality and Babinet’s 

Principle,” Phys. Rev. B, Vol. 88, No. 20, 205138, Nov. 

2013. 

[14] T. B. A. Senior, “Some extensions of Babinet’s principle 

in electromagnetic Theory,” IEEE Trans. Antennas 

Propag., Vol. 25, No. 3, pp. 417-420, 1977. 

[15] A. Benz, M. Krall, S. Schwarz, D. Dietze, H. Detz, A. M. 

Andrews, W. Schrenk, G. Strasser, and K. Unterrainer, 

“Resonant metamaterial detectors based on THZ 

quantum-cascade structures,” Sci. Rep., Vol. 4, 04269, 

Mar. 2014. 

[16] K. C. Lang, “Babinet’s principle for a perfectly 

conducting screen with aperture Covered by resistive 

sheet,” IEEE Trans. Antennas Propag. Vol. 21, No. 5, pp. 

738-740, 1973. 

[17] G. Ropars, and A. Le Floch, “Babinet’s principle in 

double-refraction systems,” EPL, Vol. 106, No. 5, 54002, 

Jun. 2014.  

[18] C. A. Balanis, Antenna Theory: Analysis and Design. 

Wiley Interscience, 2005. 

[19] X. Chen, Y. Luo, K. Jiang, J. B. Pendry, and S. Zhang, 

“Macroscopic invisibility cloaking of visible light,” Nat. 

Commun., Vol. 2, 176, Feb. 2011. 

[20] J. B. Pendry, P. Schurig, and D. R. Smith, “Controlling 

electromagnetic fields,” Science, Vol. 312, No. 5781, pp. 

1780-1782, 2006. 

[21] D. R. Smith, B. Schultz, P. Markos, and C. M. Soukoulis, 

“Determination of effective permittivity and permeability 

of metamaterials from reflection and transmission 

coefficients,” Phys. Rev. B., Vol. 65, No. 19, 195104, 

May 2002. 

[22] P. Muhlschlegel, H.-J. Eisler, O. J. F. Martin, B. Hecht, 

and D. W. Pohl, “Resonant optical antennas,” Science, 

Vol. 308, No. 5728, pp. 1607-1609, Jun. 2005. 

[23] J. D. Jackson, Classic Electrodynamics. Wiley, New 

York 1999. 

[24] R. C. Compton, L. B. Whitbourn, and R. C. McPhedran, 

“Strip gratings at a dielectric interface and application of 

Babinet’s principle,” Appl. Opt., Vlo. 23, pp. 3236-3242, 

Sep. 1984. 

[25] S. H. Yang, T. Milster, J. R. Park, and J. Zhang, “High-

numerical-aperture image simulation using Babinet’s 

principle,” J. Opt. Soc. Am. A, Vol. 27, No. 5, pp. 1012-

1023, May 2010. 

[26] A. Bitzer, A. Ortner, H. Merbold, T. Feurer, and M. 

Walther, “Terahertz near-field microscopy of 

complementary planar metamaterials: Babinet’s 

principle,” Opt. Express., Vol. 19, No. 3, pp. 2537-2545, 

Jan. 2011. 

[27] R. C. MacCamy, On Babinet’s principle, Canad. J. Math., 

Vol. 10, pp. 632-640, 1958. 



Forum for Electromagnetic Research Methods and Application Technologies (FERMAT) 

 

4 

 

[28] R. Marques, V. Delgado, J. D. Baena, and J. D. Ortiz, 

“Complementarity and Babinet principle in optical nano-

circuits and metamaterials,” Metamaterials, 2012, pp. 

737-739, Sep. 2012. 

[29] J. D. Kraus, Antennas, McGraw-Hill, New York, 1988. 

[30] C. G. Montgomery, R. H. Dicke, and E. M. Purcell, 

Principles of Microwave Circuits. Vol. 8 of MIT Rad. 

Lab. Series, McGraw-Hill, New York, 1948. 

 [31]R. S. Elliott, Antenna Theory and Design. Prentice-Hall, 

Englewood Cliffs, N.J., 1981. 

[32]  D. M. Pozar, Microwave Engineering. Addison-Wesley, 

New York, 1980. 

[33] G. L. Matthaei, L. Young, and E. M. Jones, Microwave 

Filters, Impedance-Matching Networks, and Coupling 

Structures. Artech House, Dedham, Mass., 1980. 

[34] D. K. Cheng, Fundamentals of Engineering 

Electromagnetics. Addison Wesley, New York, 1993. 

 

 

 

 

Ching-Wen Hsue was born in Tainan, 

Taiwan, R.O.C. He received the B.S. and 

M.S. degrees in Electrophysics and 

Electronics from the National Chiao-Tung 

University, Hsin-Chu, Taiwan, R.O.C. in 

1973 and 1975, respectively, and the Ph.D. 

degree from the Polytechnic Institute, New 

York University, New York, in 1985. 

   From 1985 to 1993, he was a Member of Technical Staff 

with Bell Laboratories, N.J. In 1993, he joined the Department 

of Electronic Engineering, National Taiwan 

University of Science and Technology (NTUST), Taipei, 

Taiwan, R.O.C., as a professor, where, from August 1997 to 

July 2005, he served as the Department Chairman. He is now 

a chair professor at NTUST. From 2011 to 2013, he was the  

Chairman of the Chinese Microwave Association, Taiwan, 

 R.O.C. He was elevated to IEEE Fellow for contribution to 

 the development of discrete-time signal processing 

techniques in microwave engineering in 2010. His current 

interests are in pulse-signal propagation in transmission lines, 

and advanced electromagnetics theory. 

 

                                                           

 


